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INTRODUCTION 
The cells of the three layers, Henle, Huxley, and the sheath cuticle, which 
together form the inner root sheath, arise from the peripheral portions of the 
undifferentiated matrix (see Text-fig. 1.1, Part 1).  They form three concentric 
cylinders each one cell thick. Each layer has its own peculiarities, but it is con- 
venient to consider them together because the type of intracellular product is 
the same in each and also, farther along the follicle, they form a single sheath, 
which later disintegrates while the hair itself persists. 
The  characteristic  intracellular  product  is  trichohyaline,  a  poorly  charac- 
terised substance, presumably protein in nature, closely related to the kemto- 
hyaline of the epidermis. These substances are considered by many (see reviews 
in references 2 and 3) to be precursors of fibrous keratin. It will be shown that 
trichohyaline is certainly a  precursor of the fibrous component of the sheath. 
However, the fibrous keratin of the cortex (see Part 1) does not seem to have a 
precursor of this type and is morphologically very different. 
In this part the formation and transformation of trichohyaline and the de- 
velopment of the complex surface structures, which accompany the condensa- 
tion  of the  sheath  cells,  will be  described and  discussed.  The details of the 
methods used have been given in Part 1. 
OBSERVATIONS 
The early  differentiation  of the sheath cells  may be followed in  micrographs 
of  the  mid-bulb and upper  bulb (Fig.  3.1).  The course  of  events  is  similar  to  that 
already described for  the hair  cuticle.  The spread of  localised  adhesions,  which 
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unite the  cell membranes of  neighbouring  ceils, appears to be the means by 
which permanent intercellular relations are established. However, neither do the 
plasma membranes become as dense as in the cuticular layer, nor does the spread 
of the contacts progress as far as the corresponding development in the cuticle. 
The cells of the presumptive sheath cuticle, which are smaller than the cells of the 
other layer, become closely united to the hair cuticle cells and are deformed in a 
similar way at a higher level. 
Trichohyaline droplets appear in the cells of Henle's layer immediately above 
the undifferentiated matrix (Fig. 3.l). They are dense, rounded, structureless 
bodies, apparently without an enclosing membrane, which coalesce readily to 
form larger droplets. Similar droplets also appear in the ceils of Huxley (Fig. 
3.2) and sheath cuticle cells, but the rate of accumulation is greatest in Henle's 
layer, which is also the first to become fibrous. 
The transformation of the amorphous droplets into the birefringent modifica- 
tion follows the same course in each of the three layers of the sheath. In Henle's 
layer at the level of the constriction of the follicle, the change occurs with 
dramatic suddenness. In the light microscope the disappearance of the large 
droplets and the conversion of the cells  into a  clear condensed birefringent 
layer can be seen (Figs. 3.3 a and b). Electron micrographs of precisely the same 
field (Fig. 3.3 c) show the same events in greater detail. 
At  a  higher magnification in  longitudinal sections of  these  regions  "fila- 
ments" call be seen extending in both directions parallel to the follicle  axis 
from lenticular shaped droplets of the amorphous form (Fig. 3.4 and 3.5 a). In 
cross-sections of the same levels the two forms can also be distinguished; the 
unconverted material appears structureless except that at the edges it may be 
fringed with ill defined filaments. The interpretation of the images of cross- 
sections of the converted form (Fig. 3.5  b) is uncertain. In some areas the sec- 
tions show small dots (diameter ,-~ 100 A) which are presumably sections of 
filaments; whereas in others the sections show wavy lines implying that the 
true form is a wavy sheet or tube. In the condensed form longitudinal sections 
show a  dense array of parallel lines spaced somewhat less  than 100 A  apart 
(Fig. 3.5 a), together with small amounts of granular material which may be 
unconverted trichohyaline. 
In the cells of the Henle layer the transformation proceeds rapidly to com- 
pletion; the hardened coherent cylinder which results appears to act as a  re- 
taining mould for the softer tissues within it. The transformation occurs later 
(mid-keratinous zone)  and proceeds more slowly ill  the  cells  of the Huxley 
and sheath cuticle layers, so that the two forms of trichohyaline coexist in the 
same cells over a  considerable length of the follicle. 
In the upper keratinous zone, where the three layers fuse, the cell  contents 
present a dense compact appearance (Fig. 3.6); the boundaries of the cells are 
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and denser than the transformed trichohyaline. The latter presents a  rather 
uniform, fine texture  of parallel  lines in  longitudinal section  and  close  but 
randomly packed  lines  or points  in  cross-section  (Fig.  3.6). 
The Cell Membrane Complex 
In the upper bulb region, where the relationships between the various cells 
of the  hair  and  sheath are  established,  the  membranes of the  sheath cells 
become extensively attached over most of their surfaces as a result of the spread 
of the adhesive contacts discussed in  Part  2.  The  intercellular attachments, 
at least in the layers of Huxley and Henle, are less complete than in the hair 
cuticle. That some degree of membrane mobility remains is shown, particularly 
in  cross-sections, by surface  convolutions. The  two plasma  membranes  are 
spaced about 120 to 150 A apart and  the  intervening space is filled with the 
material of poor scattering power which, in Part 2, was identified  as an intercellu- 
lar cement. However, at the level of the fibrous transformation of trichohyaline, 
there occur striking changes at the cell surfaces which lead to the formation  of 
thick complex intercellular layers. 
The first sign of impending changes is the gathering beneath the plasma 
membranes of a dense material which is more abundant than the similar forma- 
tions noted in the cuticle cells of the mid-bulb (Part 2). The plasma membranes 
then separate to a distance, which may be as great as 300 to 400 A (Fig. 3.7), 
and between them a dense deposit appears. At first ill defined and only locally 
distributed, this deposit eventually forms a broad, dense, central band in the 
midst of less dense material (Fig. 3.8).  The "surface complex" uniting the two 
cells at this level thus consists of the two plasma membranes (spacing ~300 
A), an intercellular "cement" of low scattering power, and the dense central 
band (width --d00 A). As the cells of Henle harden, owing to the condensation 
of the trichohyaline, this five banded formation persists and can be seen both 
in longitudinal and in cross-section. The cells of Henle are seen in longitudinal 
sections  to  be  particularly  closely interlocked  by  deeply indented  surfaces 
(Fig. 3.3 c). 
Very similar surface membrane complexes form between the other cells of 
the inner sheath (Fig. 3.6), but in the cuticle of the sheath the central band may 
be missing. 
DISCUSSION 
Early  Differentiation.--The  differentiation of  the  cells  of  the  inner  root 
sheath follows the pattern already described in Part 2. The structural change, 
which seems to initiate differentiation, is the formation and spread of areas of 
contact between the cells. This increased area of contact appears to suppress 
the surface activity of the cells and to stabilise their geometrical relationships. 
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all differentiating systems of cells pass through such stages. Indeed Abercrom- 
bie and Heaysman (1)  have postulated "adhesive contact" and "surface in- 
hibition" to explain the behaviour of cells in cultures seen in the light micro- 
scope. It may be valuable, therefore, now that all the growing layers of the 
follicle have been described, to summarise the development of the hair in more 
general terms. 
Ideally the analysis of hair growth should commence with the formation of a 
new hair, but we have insufficient new information to attempt this and shall 
only, in a very tentative way, consider the conditions prevailing in a state of 
steady growth. In this state the presence of the previously differentiated cells 
above the matrix may provide a guiding pattern, or template, which would be 
absent in an entirely new growth. 
In the bulb of the follicle we observe, dipping down into the cell matrix, a 
cylinder of altered cells,  the lower end of the presumptive cuticle and inner 
sheath, which is continually able to recruit further cell members from the reser- 
voir beneath. The cells at the end of this cylinder may attract their like from 
the matrix, or they may, by direct contact, induce changes in the cells imme- 
diately beneath them, which increases their mutual adhesion and thus extends 
the length of the existing formation. The first supposition implies either the pre- 
existence of differentiated cells or of some other unidentified factor, such as 
distance from the papilla or dermal layers. The latter supposition is at least in 
accord with the present observation. Since we observe that the spread of ad- 
hesive contact between cells  precedes intracellular differentiation, it may be 
that, not only are the cells  drawn together, but that these changes also in- 
fluence the synthetic activities of the cells. 
Contact induction of this kind has been postulated in embryology (see the 
review by Waddington (5)  already referred to in Part  1)  and Weiss (6)  has 
made various suggestions as to how it can happen in molecular terms. In the 
present  context it may be  assumed  that  contact with  the  altered  (sticky) 
cells of the cuticle and sheath biases a  cell's synthetic apparatus towards the 
production of an adhesive cement. Thus the matrix cell is modified and added 
to the existing formation. The cuticle leads the way in this development and is 
closely followed by the sheath cells. 
Thereafter the cells of the follicle are separated into two compartments, or 
special environments, in which the state of the cell membranes differs. The 
first is the  cortical region,  adjacent to  the papilla  and inside the  cuticuiar 
"screen," in which fibrous keratin is the characteristic product. The second 
is the region, between the cuticle and outer root sheath, in which trichohyaline 
formation prevails. In the cortex (of.  Part 1) cell contacts remain local, gaps 
persist, and are exploited by melanocytes and the cell population is homogene- 
ous. In this instance the failure to form cement seems to be the controlling 
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contact induction could be the important factor. In this cylinder of cells, with 
the cuticle on one side and the outer sheath on the other, a structural gradient 
exists in a  radial direction. Since the rate of trichohyaline synthesis declines 
as the distance from the outer sheath increases,  it seems that  the stimulus 
(and supplies) come from the outer sheath or the dermal surroundings. 
The cuticular layer separating the two zones is anomalous. Synthesis is de- 
layed and the product ultimately formed is a  peculiar amorphous keratin of 
high cystine content. Again the influence of the cell membranes may be sus- 
pected, since these are more dense and the "zipper action" has drawn the forma- 
tion into close internal contact. 
Trichohyaline Formation.--Trichohyaline  is as  characteristic of the sheath 
cells as keratin is of the hair and thus represents an important expression of 
the synthetic potentialities of epidermal cells. Almost all the data relating to it, 
and to the keratohyaline of the skin, concern its staining properties in histo- 
logical preparations from which it is not easy to determine its composition. 
It is assumed to be a protein, but whether it is of the a-type, or stabilised by 
cystine cross-linkages (3) is not known. It seems to be synthesised as a viscous 
insoluble liquid, not unlike the keratin of the hair cuticle. It is not accumulated 
in vesicles, nor is  there  any obvious spatial  connection with  the numerous 
clusters of dense particles. 
The transformation of the "liquid" trichohyaline into its birefringent modi- 
fication is unlike any intracellular phenomenon previously described.  It  re- 
sembles in many respects  the crystaUisation of a  substance from the liquid 
phase.  The remarkably perfect orientation of the birefringent form may be 
due, as in the cortex, to the slight flow which orients the cytoplasmic contents 
parallel to the axis of the follicle. The droplets of trichohyaline become lenticu- 
lar in shape and the modified form extends axially from each pointed end. It 
is a  peculiar feature (Fig. 3.4)  that a droplet 0.1 # long may be extended into 
"threads" several micra long in the course of the change. It is impossible to 
explain this drawing out by cell elongation, since this is quite inadequate to 
give the order of extension required. A view, compatible with the microscopic 
evidence, is that the modified form is pushed out from the droplets by growth 
(crystallisation)  at  the  surface  of  the  droplet. 
As mentioned earlier it is difficult to be sure from a study of cross-sections, 
whether the modified form is filamentous or sheet-like. A protein of the a-type 
in the form of thin sheets has been extracted by Rudall from an insect source 
(4), although its formation bears little resemblance to that described here. 
As the transformed trichohyaline condenses, it shows in longitudinal sections 
a  remarkably parallel system of thin filaments (or sectioned sheets)  spaced 
less than 100 A apart. The appearance of this form coincides with the sudden 
appearance of anisotropy in the Henle layer and later in the Huxley and sheath 
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The close  histochemical similarities between trichohyaline and keratohya- 
line of the epidermis, suggest that a  similar transformation occurs in the epi- 
dermis where it may account for the glassy appearance of the stratum lucidum. 
Intercellular Deposits and Membrane Complexes.--The complex intercellular 
deposits, which appear between the sheath cells at the time of the transforma- 
tion of trichohyaline, are similar in character to those occurring between the 
hair cuticle cells described in Part 2. 
The material pervading the intercellular space seems to be a form of the inter- 
cellular cement which may be seen earlier between the cells of the upper bulb. 
Its composition is unknown. The lack of reaction with osmium tetroxide ex- 
cludes many classes of compounds, but would not exclude polysaccharides. 
The rather definite spacing of the membranes in the mid-bulb and upper bulb 
(100 to 150 A) is similar to that commonly noted in other tissues. However, 
the surface complex in the sheath has a total width of as much as 300 to 400 A, 
with local irregularities reaching 500 A. It is difficult to see in these large and 
variable dimensions evidence of special structures, e.g. multilayers of lipides, 
protein films, etc., postulated to explain the dimensions of plasma membranes 
~30 A thick. The dense bands could be sites of reactions between the cement 
and denser substances, e.g. calcium, distributed at first in a quasiperiodic man- 
ner but later more uniformly. 
The function of the thickened membranes is also obscure.  It may be sig- 
nificant that their appearance in time coincides with the intracelluiar changes 
leading to a  hardening of the cell contents. This suggests that they may be 
necessary to hold the harder tissue together. An objection to this idea is that 
the Henle-outer root sheath complex is of the same "three line type" as else- 
where  in  the  sheaths, whereas  it  is  widely supposed  that  the  Henle  layer 
slides over the surface of the outer root sheath (see review in references 2 and 3). 
SUM2~AR¥ 
1.  The three cylinders of ceils, each one cell thick, which together constitute 
the inner root sheath, arise from the peripheral portions of the undifferentiated 
matrix. These cells, like the hair cuticle, are stabilised by the spread  of adhe- 
sive contacts between their plasma membranes  which occurs in the mid-bulb 
and upper bulb of the hair follicle. 
2.  The characteristic intracellular product of all  three cell layers is tricho- 
hyaline. This  substance  is  formed in  the  first place as  amorphous droplets 
which  subsequently transform into  a  birefringent form. 
3.  This transformation, involving the formation of a  birefringent product 
from an amorphous precursor, is in contrast to the formation in the cortex of 
keratin which originates in a  fibrous form. 
4.  Trichohyaline appears  first  and  transforms  first  in  the  cells  of  Henle 
which are nearest the outer sheath and the dermal supply vessels.  This trans- M.  S. C. BIRBECK  AND  E. II. MIERCER  229 
formation occurs at the level of the neck of the follicle. Synthesis and transfor- 
mation in the cells  of Huxley and the sheath cuticle lag behind the similar 
events in the cells of Henle. The transformation does not begin until the lower 
prekeratinous zone in the Huxley and cuticle cells. 
5.  The  amorphous-fibrous  transformation occurs  rapidly  cell  by  cell  and 
involves the conversion of all the trichohyaline droplets. In longitudinal sec- 
tions the birefringent modification can be seen extending from the droplets 
in both directions parallel to the axis of the hair. In cross-sections the images of 
the transformed material are difficult to interpret. They may be seen as sec- 
tions of corrugated sheets  (~100  A  thick)  or  condensed fibrils ~100  A  in 
width. 
6.  At the same time that the trichohyaline transforms, the spacing between 
the cell membranes increases and a  dark deposit appears  centrally between 
them. This membrane complex, and  the similar complex of the hair cuticle 
cells  described in Part 2, may be specialised formations whose purpose is to 
hold the hardened cells together. 
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EXPLANATION OF PLATES 
PLATE 57 
FIG. 3.1. An electron micrograph of a longitudinal section of the peripheral regions 
of the mid-bulb showing the early development of the inner root sheath. The cells 
have already developed extensive adhesive contacts (C) and these areas of contact are 
spreading. Both the presumptive Henle cells on the right and the Huxley cells in the 
centre  have  commenced the formation of trichohyaline,  which is  seen  as  rounded 
structureless bodies (T) in several of the cells. 
Clusters of dense particles (P), assumed to contain ribonucleic acid, are common; a 
number of other less  well  defined agranular vesicles and various mitochondria (M) 
may be seen. The trichohyaline near the top right corner is already partly transformed. 
X  24,000. 
FIG.  3.2. A  longitudinal  section passing almost tangentially  through the Huxley 
layer immediately above the bulb constriction, showing the accumulations of tricho- 
hyaline (T) at this level. The transformation into the fibrous form has begun and fine 
filaments (F) may be seen in many cells. 
At the top left corner may be seen the edge of the Henle layer (He), which has al- 
ready been completely transformed. The fibre axis runs obliquely across the section 
from the lower left to the upper right corner and many of the trichohyaline droplets 
are elongated in this direction. N  is a nucleus. X  16,000. THE  JOURNAL  OF 
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FIG. 3.3. Three comparison micrographs of the same field show the transformation of 
amorphous trichohyaline of the Heule layer into the fibrous form. The light micrograph 
(a) is a  section stained with Heidenhain's iron haematoxylin and the micrograph (b) 
is a part of the same field between crossed polaroids to show the birefringent regions. 
In the cortex (I) on the left may be seen the birefringent fibres of keratin and numerous 
pigment granules. The imbricate cells of the cuticle of the hair (2) are not birefringent. 
The transformation of Henle's layer (5) may be seen to occur suddenly at T. The drop- 
lets of the amorphous  form are disappearing in one cell and  the next cell is highly 
birefringent. An electron micrograph (c)  of precisely the same area makes it possible 
to see the  details of the change more clearly. A lesser degree of birefringence in  the 
sheath  cuticle (3) and in Huxley's layer (4)  indicates that  some  transformation has 
occurred in these regions also. (a) and (b)  ×  2,500;  (c)  ×  30,000. THE  JOURNAL OF 
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FIG. 3.4.  Longitudinal section of part of a Henle cell showing details of the trans- 
formation of the amorphous trichohyaline (T) into the fibrous form (F). Stained with 
1 per cent phosphotungstic acid in  70 per cent alcohol for 1 hour immediately after 
fixation. 
The amorphous trichohyaline droplets have become lenticular in shape with their 
long axes parallel to the axis of the follicle and the transformed filaments may be seen 
extending from the pointed ends.  X  80,000. 
FIG. 3.5  (a)  Part of a  longitudinal section of a  Henle cell immediately after the 
greater part of the trichohyaline has transformed and the cell is condensing.  Stained 
with phosphotungstic acid as described for Fig. 3.4.  X  80,000. 
(b) Cross-section at the same level as (a) showing the appearance of the transformed 
trichohyaline in cross-section. X  160,000. THE JOURNAL OF 
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FIG. 3.6. Cross-section of part of the inner root sheath showing fully condensed cells. 
On the left is the gap which forms between the hair cuticle (not shown) and the cuticle 
of the inner root sheath (C). Two overlapping sheath cuticle cells may be seen in the 
sheath cuticle with well defined surface membranes. The intercellular cement is rela- 
tively dense, but the denser central line, well developed elsewhere, is here only faintly 
visible. The dark vertical line parallel to the boundary of the cuticle and the Huxley 
cell (Flu) is a  fold in  the section. The cell membrane complex between the Huxley 
cell (Flu) and the Henle cell (He) is of the "three line" type shown enlarged in Fig. 3.8. 
Although the total width of the complex is rather constant, certain irregularities, such 
as dilations (D)  and broader central lines at (B), suggest that the structural pattern 
is not rigidly defined. The break in the membranes at G suggests a  direct continuity 
between the cytoplasm of the two cells. 
The trichohyaline in each of the cells has been fully transformed into the fibrous 
form and the fine structure in cross-section is similar to that shown enlarged in Fig. 3.5 
(b).  The  density of  the  condensed  trichohyaline decreases on  proceeding from  the 
Henle cells to the cuticle and the "texture" grows finer in detail. X  24,000. 
FIG. 3.7.  A cross-section showing the contact between two Henle cells at the level 
of the trichohyaline transformation showing details of the development of the inter- 
cellular deposits. Transformed trichohyaline is seen at T. The two plasma membranes 
(M) have thickened and dilated. Localised deposits of ill defined dense material may 
be seen on the cytoplasmic side of the membranes. Between the membranes, the central 
dense layer (D) is partly formed.  X  120,000. 
FIG. 3.8. The surface membrane complex of the cells of the Huxley layer in which 
may be seen the two plasma membranes (M) and the dense deposit or layer (D) be- 
tween  the plasma membranes. A  less dense material occupies the remainder of  the 
intercellular space. This formation develops directly from that shown in Fig. 3.7.  In 
the cytoplasmic space may be seen sections of transformed trichohyaline and of two 
mitochondria. The ceils at this level are solid. X  120,000. THE  JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
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